F 1 -ATPase hydrolyzes ATP into ADP and Pi and converts chemical energy into mechanical rotation with exceptionally high efficiency. This energy-transducing molecular motor increasingly attracts interest for its unique cellular functions and promising application in nanobiotechnology. To better understand the chemomechanics of rotation and loading dynamics of F 1 -ATPase, we propose a computational model based on enzyme kinetics and Langevin dynamics. We show that the torsional energy and stepwise rotation can be regulated by a series of near-equilibrium reactions when nucleotides bind or unbind, as well as characterized by an effective ''ratchet'' drag coefficient and a fitting chemomechanic coefficient. For the case of driving an actin filament, the theoretical load-rotation profile is analyzed and comparison with experimental data indicates reasonable agreement. The chemomechanics described in this work is of fundamental importance to all ATP-fueled motor proteins.
I. INTRODUCTION
Molecular motors is a generic term for a group of proteins that generate cellular forces and motion by transducing chemical synthesis or hydrolysis energy into mechanical energy. In recent years, various motor proteins have been discovered and harnessed for the purpose of single molecule manipulation and nanobiotechnology. 1, 2 There are mechanically two broad types of motor proteins: linear motors and rotary motors. Linear motors may include myosin ͑dragging and rowing to contract muscle͒, 3, 4 kinesin ͑walking handover-hand along microtubules͒, 4, 5 and RNA polymerase or helicase ͑crawling to transcript gene codes͒, 6, 7 etc. Examples of rotary motors are flagellar ͑propelling bacteria through the viscous cell͒ 8, 9 and the enzyme ATP synthase (F 1 F o -ATPase, rotating while transducing energy from hydrolysis/synthesis of ATP molecules͒. [10] [11] [12] [13] [14] [15] [16] [17] All molecular motors are powered either by the hydrolysis or synthesis of nucleotides ͓e.g., adenosine triphosphate ͑ATP͔͒, or by an electrochemical potential difference across the cytoplasmic membrane.
The F 1 F o -ATPase molecular motor possesses both types of driving forces. It synthesizes ATP from adenosine diphosphate ͑ADP͒ and inorganic phosphate ͑Pi͒ at the F 1 domain at the expense of protons from the F o domain. Alternatively, when operating in the reverse, it hydrolyzes ATP into ADP and Pi at F 1 and releases energy. Coupling with the conversion of chemical energy, rotary mechanical torque is produced at F 1 domains in both cases. 10, 11, 15, 16 It is believed that proton transport and the synthesis of ATP by the holoenzyme are mechanically cooperative. 11, 17 The energy conversion mechanism in F 1 F o -ATPase represents a delicate blend of electrical-to-mechanical-to-chemical energy operations. Isolated F 1 is able to catalyze ATP hydrolysis but not net ATP synthesis. Thus individual F 1 -ATPase can also work independently as a motor, rotating the central ''shaft'' protein against surrounding subdomain proteins when ATP is hydro-lyzed. Recently, F 1 -ATPase was explored as a possible means of propulsion for a nanomachine that is driven totally by biological power and has an exceptionally high chemomechanical coefficient. 14,18 -21 To better understand the operating mechanism and rotary dynamics of F 1 F o -ATPase, various theoretical approaches have been used, such as microscopic modelling of the coupling of two driving-forces, [22] [23] [24] [25] and atomistic simulation using molecular dynamics methods. 26, 27 For example, the model of Wang and Oster 22, 23 provides a physically based answer to the rotational dynamics of F 1 -ATPase. It is a continuous model based on a system of coupled Fokker-Planck equations with an artificial energy landscape for the motor system. Their work gave arguably the best physical understanding of the dynamic mechanism of F 1 -ATPase to date. However, they ignored the biochemical details related to the ATP hydrolysis reactions. On the other hand, Panke et al. 24 determined a set of enzyme kinetic rates for ATPase, but gave only very rough results for the dynamical behavior of the motor system. In contrast to Wang and Oster 22,23 and Panke et al., 24 this work aims to establish a link from molecular-scale chemical hydrolysis reactions to microscale mechanical motion of the F 1 -ATPase molecular motor, and design a general simulation approach for the chemomechanics of such motor proteins. We propose a computational model based on enzyme kinetics and rotary Langevin dynamics, and regulate the energy transduction and stepwise rotation of F 1 -ATPase by a series of near-equilibrium reactions when nucleotides bind or unbind. To validate the model, we investigate the case of the F 1 -ATPase motor driving an actin filament, and analyze the theoretical loadrotation profile against some existing experimental results. The kinetics and chemomechanics described in this work is useful in furthering our understanding of ATP-fueled motor proteins.
II. THEORY OF THE KINETICS AND CHEMOMECHANICS OF THE F 1 -ATPase MOTOR

A. The mechanism of rotation of F 1 F o -ATPase
Walker et al. 15, 17, 28 revealed the stoichiometric structures of F 1 F o -ATPase, as shown in Fig. 1 ͑a top-view of F 1 -ATPase): three ␣, three ␤, and one ␥, ␦, chain of proteins comprise the F 1 domain; one a, two b, 9 or 12 c chains of proteins form the F o domain. The F 1 and F o domains are linked by a central stalk composed of ␥, ␦, protein chains. Atomic-resolution structure studies suggest that the ␣ 3 and ␤ 3 subunits form a hexamer and the ␥␦ subunits act as a shaft of rotation against the hexamer. For a typical F 1 F o -ATPase molecular motor ͑such as yeast mitochondrial͒, the dimensions are about 12 nm wide and 22 nm high ͑the F 1 domain has a height of about 14 nm͒. 15 It is found that three alternative sites on the hexagon formed by subunits (␣␤) 3 are catalytic-active and responsible for the ATP hydrolysis/synthesis. 10, 11, 17 Amongst the six subdomains ͑three ␣ and three ␤ subunits͒ in F 1 , three nucleotide sites of ␤ subunits take the main responsibility for the nucleotide catalysis. These three sites either bind or unbind with ATP, ADP or inorganic P molecules or are empty, depending on their respective positions relative to the concave, neutral, or convex sides of the shaft ␥ subunit.
The rotation of F 1 F o -ATPase was first reported by Duncan et al. 29 and Sabbert et al., 12, 13 and the most compelling evidence was provided by the experiments of Noji et al. 18 -20 With a physiologically-cloned F 1 -ATPase motor, Noji et al. 18 visibly demonstrated the ATP-driven rotary mechanism with an actin filament ͑typically 1-2 m͒ attached as a fluorescent tag on one end of the ␥ subunit. They revealed that the rotation is three-stepped, with stepwise (120°per step͒ transitions between three symmetrically spaced angular resting positions of ␥ relative to (␣␤) 3 . All these experiments, plus the structures revealed by Walker et al., 15, 28 further verified the hydrolysis/synthesis mechanism proposed by Boyer. 10, 11, 30 Currently the commonly accepted mechanism 10, 11, 16, 17 of F 1 F o -ATPase features:
͑1͒ The catalytic nucleotide binding sites at three ͑␣␤͒ pairs work in a cooperative way: while one site binds, the next one hydrolyzes ATP, and the third one intakes/releases the hydrolysis/synthesis products; ͑2͒ The sequential conformational changes in (␣␤) 3 induce the rotary torque between the hexamer (␣␤) 3 and the stalk ␥-, and therefore makes the motor rotate stepwisely; ͑3͒ The F o -portion of F 1 F o -ATPase probably also functions as a stepper motor when ion flow is pumped up the channel and the electrochemical energy is transferred from the F o portion into the F 1 portion, or vice versa.
In addition, the motor motions are bathed in constant Brownian fluctuations. Some works revealed that a structural ''ratchet'' mechanism ͑that can rectify Brownian motion͒ occurs at the central ''shaft'' ͑␥␦͒ subunits when rotating against surrounding subdomain proteins. 45 The mechanism, as illustrated in Fig. 2 , suggests that three catalytic sites of (␣␤) 3 exist in different conformation states at any given moment. Each possible conformation has a different bound nucleotide, thus the motor subunits are inherently asymmetric. On average, one site is bound with ATP, the second with ADP or ADP.Pi, and the third is enzymatically inactive, i.e., empty. The third site works for the exchange of substrates, i.e., ATP or ADP and Pi, with the environment. There is a cooperative coupling between the subunits via an indirect coupling mechanism that drives sequential structural conformations. This turns out to be a rotation of the ␥ subunit, which caused the further catalytic binding changes at (␣␤) 3 subunits. This requires interaction of three (␣␤) 3 sites with high cooperativity.
B. Kinetic modeling of hydrolysis reactions in F 1 -APTase
To model the kinetics and chemomechanics of the F 1 -ATPase molecular motor, we have two major tasks: one is to solve the enzyme kinetics of ATP hydrolysis and the other is to link this hydrolysis kinetics with chemomechanical transduction and mechanical rotation.
We assume that the multisite hydrolysis at three (␣␤) 3 catalytic binding subunits are biochemically equal, and the ATP hydrolysis reaction is under steady-state conditions. Therefore, the cycles of hydrolysis reactions in F 1 -ATPase could be regarded as a threefold near-equilibrium process with the reaction sequence,
where MM O refers to the bound-free state of the ATPase molecular motor. k 1 , k Ϫ1 , and k 2 , k Ϫ2 refer to the forward and backward reaction rate constants, respectively. It is essential to consider the binding change mechanism and multisite cooperativity for ATP hydrolysis in F 1 -ATPase. Based on the Boyer mechanism, 10, 11, 30 Fig. 2 presents a schematic diagram of the binding changes of F 1 -ATPase in a hydrolysis cycle of ATP. The catalysis multisites are noted as ␣␤ TB , ␣␤ LB , and ␣␤ open , where the open ͑O͒ site has a very low affinity for substrates of ATP, ADP or Pi and is catalytically inactive; a loosely bound ͑LB͒ site has loosely bound substrates and is catalytically inactive; and a tightly bound ͑TB͒ site has tightly bound substrates and is catalytically active. Three ͑␣␤͒ sites interact in a cooperative manner in each hydrolysis cycle as the central stalk ␥ subunit rotates relative to them sequentially. While one site binds, the next one hydrolyzes ATP, and the third one releases the hydrolysis products.
Accordingly, the following criteria are set up to model the catalytic hydrolysis in F 1 -ATPase:
͑1͒ At a given moment, each paired ␣␤ subunit is in an alternating conformational state, being noted as O, LB, and TB sites. In cycles of hydrolysis, three ͑␣␤͒ pairs synchronize to undergo conformational changes in a highly cooperative way. ͑2͒ The rotation of subunits ␥␦ relative to the (␣␤) 3 hexamer, via cooperative interactions among the catalytic sites, drives each binding site to repeat from O→TB →LB→O. Coupled with the TB→LB transition, ATP is hydrolyzed into ADP and Pi, or reversibly for synthesis. Simultaneously with ATPase completing its catalytic cycle in a threefold repetition, ␥␦ subunits rotate stepwisely. ͑3͒ There is a competition of chemical reaction equilibrium between ATP hydrolysis and ATP synthesis. For F 1 -ATPase under stand-alone conditions, the overall reaction should favor ATP hydrolysis. ͑4͒ Chemomechanically, F 1 -ATPase converts the chemical energy from hydrolysis into continuous rotational energy with a certain efficiency.
To take into account that the unbinding and release of ADP and Pi are in the sequence of Pi first followed by ADP, a complete enzymatic cycle at each ͑␣␤͒ pair in F 1 -ATPase would follow the pathway of, 16, 17 
k ATP , k ϪATP refer to the rate constants of association and dissociation of ATP molecules to the motor ͑or namely, the rate of binding to or unbinding from enzymatic-active sites of the motor protein͒. The same definition applies for k ADP , k ϪADP and k Pi , k ϪPi . k hyd , k syn refers to the binding change rate constants of ATP hydrolysis and synthesis. Under the steady-state assumption, we interpret the whole cycle of Eq. ͑2͒ by a series of fast equilibrium reactions,
where ͓ATP͔, ͓ADP͔, and ͓Pi͔ are the concentrations of ATP, ADP, and Pi, respectively. P O , P ATP , P ADP.Pi , and P ADP are the probability of the states when different pairs of (␣␤) 3 are either empty or occupied by ATP, ADP.Pi or ADP molecules, respectively ͑as illustrated in Fig. 2 and described in the above criteria͒. Here we assume that the F 1 -ATPase motor is bathed in water and ATP, ADP, and Pi molecules are fully dissolved in solution. Equation ͑3͒ is a translation of Eq. ͑2͒ in steady-state cycles, which is justified by the fact that the rotational motion and the chemical reaction steps are repeatedly coupled.
From Eq. ͑2͒, the overall reaction rate of catalytic hydrolysis can be calculated by
Substituting Eq. ͑3͒ into Eq. ͑4͒ gives the overall hydrolysis reaction rate of F 1 -ATPase as,
Given a physiological condition, such as the concentrations of ATP, ADP, and Pi, the steady kinetics of F 1 -ATPase will obey the above equations and the overall hydrolysis rate is computable via Eq. ͑5͒. It should be noted that the same rate constants are used for the different ͓ATP͔, ͓ADP͔, and ͓Pi͔ conditions. In the limit of small product concentration, synthesis can be neglected and the overall reaction rate of Eq. ͑5͒ becomes,
͑6͒
This is the format of so-called Michaelis-Menten kinetics, 31 RϭR max ͓ATP͔/(K m ϩ͓ATP͔), with now a Michaelis constant of
C. Chemomechanics of the rotary motion of F 1 -APTase
How is the chemical energy from ATP hydrolysis converted into rotational motion in the F 1 -ATPase motor? The ultimate answer to this question depends on whether the chemical potential energy landscape is precisely known. While this is not known to date, a good approximation is important. To reveal the chemomechanics and rotary dynamic behavior of F 1 -ATPase, a system of the F 1 -ATPase motor driving a load could be treated as an ensemble of polymeric proteins rotating while floating in a solvent bath. The energetics of such a system basically consists of catalytic hydrolysis, mechanical rotation, external forces, and constant Brownian fluctuation of the whole system in a thermal bath. In such a case, one could model it by rotary Langevin dynamics.
A master equation of Langevin dynamics of a rotating F 1 -ATPase motor can be written as, 22, 23, 32 
where is the angular velocity and the mechanical position ͑with rotation only occurring in the x-y plane͒, L ϭI" is the angular momentum of the system, and I is the moment of inertia tensor; mm is the torque generated directly from the hydrolysis reactions at corresponding functional subunits of the F 1 motor, mm ϭϪ ‫,͔ץ/)(‪U‬ץ͓‬ and U() is the corresponding chemical potential energy at position of the molecular motor. It is expected that the molecular motor will switch between a series of U() when it rotates and undergoes continuous conformational changes; ext is the torque on a load applied by an external force ͑if any͒; is the torque via frictional drag in a viscous medium, with the drag coefficient of the load against the media; B is the Brownian motion term due to thermal fluctuation-dissipation of the acting subunits of F 1 -ATPase and its loading.
Given that the very fast Langevin relaxation time, I/ , is approximately 2ϫ10 Ϫ12 s for the case of F 1 driving an actin filament, a steady state approximation implies that the moment of inertia is constant and the angular momentum should be conserved, i.e.,
where ␦(t) is the Dirac ␦-function and the fluctuating torque is represented by Gaussian white noise. To account for the ''ratchet'' mechanism occurring at central stalk subunits when they rotate against surrounding subdomains, we assume that the average angular momentum at any given time is in effect a constant drag torque, r . Here a fitting constant, r , is introduced as the effective ''ratchet'' drag coefficient. This ''ratchet'' Brownian mechanism at the rotating subunits of the motor will keep it spinning unidirectionally ͑for detailed discussions, see Sec. III C͒. If the chemical potential energy landscape U() and the binding sites occupation vs the position are precisely known, the rotary dynamics of the F 1 -ATPase motor ͑when driving a load͒ can be precisely described by Eqs. ͑7͒ and ͑8͒. However, an approximation has to be made to implement the Langevin dynamics, given that no such landscape has been determined for any motor proteins to date. For example, Wang and Oster 22,23 adopted a hypothetical potential and statistically averaged a collection of probability densities via the equations of continuity. For simplicity we assume that all the chemical energy of hydrolysis is convertible into mechanical energy ͑via conformational changes of the ␣ 3 ␤ 3 ␥␦ complex͒, and finally turned into workable torque between the ␥␦ and (␣␤) 3 subunits.
When an F 1 -ATPase motor works steadily ͑such as when it drives an actin filament͒, it was demonstrated that a 3 ϫ120°stepwise rotation is accomplished with the hydrolysis of ATP molecules. 18, 19, 21 Therefore we have, on average, ⌬U()ϭR⌬G hyd ⌬t, which leads to
Here we introduce as the chemomechanical coefficient, which indicates the efficiency of the F 1 -ATPase motor in converting ATP hydrolysis energy into rotary torque. The perfect motor would possess of 100%. For a practical molecular motor, is less than 100% due to the fact that the motor is not a steady chemomechanical equilibrium system and it will have some energy dissipation, such as heat dissipation. As discussed previously, R is the overall ATP hydrolysis rate of F 1 -ATPase ͓see Eqs. ͑5͒ and ͑6͔͒. In Eq. ͑9͒, the chemical energy released from ATP hydrolysis reactions is, 31
with G o ϷϪ50.74 pN nm for the free energy released from the hydrolysis of a single ATP molecule at pHϭ7 at 25°C. Equation ͑9͒ actually reveals the energy transduction nature in the F 1 -ATPase motor, which indicates how the enzyme kinetic entities are exerted into mechanical torques. Together, Eqs. ͑7͒-͑9͒ provide a full description of the chemomechanical properties of the F 1 -ATPase motor.
D. When F 1 -ATPase drives an actin filament
F 1 -ATPase has been developed as a unique nanomachine to drive a load, most successfully to drive an actin filament, with an exceptionally high thermodynamic coefficient. 14,18 -21 To validate the model developed through Secs. II A to II C, we now consider the case of a rotating F 1 -ATPase motor driving an actin filament. For the sake of simplicity, we coarse-grain the mechanical difference when the motor switches between various chemical states during rotation ͑in particular when ATP, ADP molecules bind or unbind to the motor͒, and assume F 1 -ATPase is a steady motor and there is no external torque. The actual inertia term of the load, such as an actin filament, can be omitted as it is much smaller than the drag torque. Therefore using Eqs. ͑9͒ and ͑8͒ in conjunction with the average of Eq. ͑7͒, we have
where the time-averaged Brownian torque, B , can be derived from ͱ ͗ B 2 ͘Ϸ ͱ2k B T/3⌬t with ⌬t the perturbing time of the Brownian fluctuation. 33 r is the fitting parameter. Physically it is the effective ''ratchet'' drag exerted by the ␣ 3 ␤ 3 ␥␦ subunits, which we introduced in Eq. ͑8͒ and will discuss later. In the case of F 1 -ATPase driving a load of an actin filament, the drag coefficient may be expressed as 34
Ϫ0.447 ͬ .
͑12͒
Here, o ϳ1ϫ10 Ϫ3 N m Ϫ2 s is the viscosity of the media, l and r (ϳ5 nm) are the length and the radius of the filament, respectively. 18 -20 Substituting Eqs. ͑5͒, ͑9͒, ͑10͒, and ͑12͒ into Eq. ͑11͒ allows us to determine the chemomechanical properties of the F 1 -ATPase molecular motor when it drives an actin filament. For example, the rotational rate of the F 1 motor as a function of nucleotide concentrations and actin length can be determined.
III. RESULTS AND DISCUSSIONS
A. Overall hydrolysis reaction rate
From Eqs. ͑4͒ and ͑5͒, we determine the overall hydrolysis reaction rate of F 1 -ATPase at certain given kinetic conditions, e.g., the concentrations of binding nucleotides ATP, ADP or Pi. The rate constants of association/dissociation and the reaction rate constants of hydrolysis/synthesis can be obtained by conventional enzyme kinetics experiments. However, it should be noted these rate constants are far from being consistent and they change from experiment to experiment for different F 1 F o -ATPase enzymes. Table I gives a full set of rate constants of chloroplasts F 1 F o -ATPase enzyme measured by Panke et al. 24 Assuming the rate constants of F 1 -ATPase from Table I, Fig. 3 shows an overall hydrolysis reaction rate changing versus ͓ATP͔ without inhibition of ADP or Pi. The calculation ͑solid line in Fig. 3͒ is compared with experimental data of the Bacillus PS3 F 1 -ATPase motor 19, 20 ͑diamonds in Fig. 3͒ . The overall agreement between calculation and experiment is reasonable. The difference can be partly attributed to the fact that the motor experiments used different enzyme proteins ͑Bacillus PS3͒ from our computation ͑chloroplasts͒, as the complete enzyme kinetic data of Bacillus PS3 is not currently avail- 36 of mitochondrial F 1 -ATPase (K m ϳ130 M) but is larger than the experimental value 19, 20 of Bacillus PS3 F 1 -ATPase (K m ϳ15 M). We also found that the overall hydrolysis reaction rate R could approach zero when choosing certain sets of values of ͓ATP͔, ͓ADP͔, ͓Pi͔ and rate constants. In those cases, F 1 -ATPase no longer undergoes hydrolysis.
We developed our kinetics model on the basis of Boyer's bisite catalysis mechanism, with three ͑␣␤͒ sites involved in a cooperative manner. However, the binding change concept and catalytic cooperativity are still unclear. Nakamoto et al. 37 reviewed the catalysis of F 1 F o -ATPase and found that biochemically it can undergo both unisite catalysis and multisite catalysis. When ͓ATP͔ is in substoichiometric quantity, it binds to the first site with very high affinity. As this ATP is hydrolyzed to ADPϩPi, the products are released slowly ͑with the rate constant kϽ10 Ϫ3 s Ϫ1 ). Instead, reversible hydrolysis/synthesis occurs with an equilibrium constant close to 1, which leads to unisite catalysis. Multisite catalysis occurs when ͓ATP͔ is high enough to bind to the next site. The positive cooperative interactions between the binding sites is manifest by lower affinity binding, which promotes the competitive chase of ATP and ADPϩPi bound in the first site. 37 Senior et al. [38] [39] [40] also investigated the catalysis of isolated F 1 -ATPase of E. Coli. The catalysis-related rotation of the ␥␦ subunits relative to three ␣␤ subunits of the isolated F 1 takes place as in F 1 F o , and identical conformation changes of ␥ and occurred in F 1 and in F 1 F o . At low ATP concentration (Ͻ1 M), when primarily the high affinity site was occupied, the ratio of enzyme-bound ADP to ATP was about 0.5 ͑which reflects the reaction equilibrium constant in unisite catalysis͒. At high ATP concentration ͓ӷ1 M, e.g., in the range of ͑100 M-mM͔͒, it is a trisite hydrolysis mechanism and all three catalysis sites are occupied and filled with ATP or ADP, and the probability of an empty site is rare.
In F 1 -ATPase, the effect of the binding sites of either unisite, bisite or trisite occupation on the hydrolysis reaction is not fully understood. This certainly affects the configuration of our model. As discussed elsewhere, 17, 40 there is still disagreement about the binding change mechanism and pathways of hydrolysis reactions. The disagreement will hopefully be resolved when more comprehensive experimental measurements are made. In our present work, we follow the bisite hydrolysis model and simply take the rate constants as fixed.
B. The rotary motion under kinetic and loading conditions
By substitution of Eqs. ͑8͒, ͑9͒, and ͑12͒ into Eq. ͑11͒, we could determine the chemomechanical properties of the F 1 -ATPase molecular motor when it drives an actin filament. The dependence of rotation rate upon the length of loading actin is plotted in Fig. 4 ͑solid lines͒. The rotation rate is in the units of radians per second (rad s Ϫ1 ). In order to compare with experiments, 18 -21 we used ͓ATP͔, ͓ADP͔, and ͓Pi͔ of 2 mM, 10 M, and 10 mM, respectively. The crosses in Fig. 4 are from experimental measurements, 19 and the two solid lines indicate that the F 1 -ATPase motor works at chemomechanic coefficients within the range 16.5%р р45.2%. The effective ''ratchet'' drag coefficient, which is 1.07 pN nm s in this case, is calculated to ensure the rotational rates' convergence at zero length and to comprise the top and bottom range of scattered experimental data. This value is found to be close to the drag coefficient of driving a 1-m actin filament at one end. Yasuda et al. 16,18 -20 claimed that the F 1 -ATPase-actin motor system would have a thermodynamic coefficient of about 100%. Soong et al. 21 also report that a F 1 -ATPase-nanopropeller system may have a thermodynamic coefficient of ϳ80%. However, as seen in Fig. 4 , the fit of our model to the experimental data indicates that this may not be the case. The experimental data are widely scattered, and our theoretical rotational rates show that the motor system works with chemomechanic coefficients in the range of ϭ16.5% to ϭ45.2%. Even considering the possibility of inhibitions of ADP or Pi, given the overall hydrolysis reaction rate as shown in Fig. 3 ͑both experimentally and theoretically͒, we could not reproduce the rotational rate ͑shown as the crosses in Fig. 4͒ with a coefficient of 100% or 80%. However, as recently proposed by Wang and Oster, 41 the thermodynamic energy conversion efficiency and the chemomechanical energy transduction efficiency for molecular motors may need clarification. In addition, the extent to which the temperature variation and particularly the constant Brownian fluctuations contribute to the motions of the motor system is unknown either at molecular or micro scales.
To avoid the above difficulty, and for the purpose of understanding the mechanism, we now assume a 100% chemomechanical coefficient for the ideal F 1 -ATPase motor system. Using the rate constants of F 1 -ATPase given in Table  I , Fig. 5 and Fig. 6͑a͒ show the rotational rates of an ideal F 1 -ATPase motor ͑without external perturbations͒ against the length of actin filament at different ATP concentration, where ͓ADP͔ and ͓Pi͔ are set to meet physiological experimental conditions. 18 -20 The slower rate of rotation is expected for longer actin filaments due to higher friction at fixed ͓ATP͔. Figure 3 indicates that the saturation rate of ATP hydrolysis reaction in the absence of load can reach about 300 s Ϫ1 . This implies that the maximal rotational rate of a load-free and inhibition-free motor could be about 600 rad s Ϫ1 . Our simulations show that the saturation rotation rate of F 1 -ATPase, without actin load but with ADP and Pi inhibitions, will be about 180 rad s Ϫ1 . It becomes about 150 rad s Ϫ1 with actin length of 1 m or about 30 rad s Ϫ1 with actin of 4 m with ͓ATP͔ saturation. In this case, the torque exerted by the F 1 -ATPase motor on an actin filament of 1 m is calculated to be about ϳ150 pN nm. The chemomechanical properties ͑the rotation-actin length profiles͒ depicted here are both qualitatively and quantitatively consistent with experimental observation. 18 -20 
C. The ''ratchet'' mechanism and Brownian fluctuation
A ratchet, in biophysics, is a mechanism that can utilize random thermal fluctuations to generate a unidirectional drive in cellular processes. In the F 1 -ATPase motor, constant Brownian motion of protein chains, as well as the load ͑such as an actin filament͒, will affect its enzymatic reactions and conformal dynamics, and therefore induce a mechanical contribution to the force of the whole system. Brownian fluctuation may play significant roles at very short time intervals and highly localized spaces, in particular within the nonequilibrium areas where the ATP hydrolysis reaction occurs and there is strong interaction between the binding molecules and surrounding protein. In molecular motors, such Brownian motion is no longer simply the universal random walk but rather a biased motion-the so-called ''ratchet'' Brownian motion. 23, 33, [42] [43] [44] The Brownian force from such a ''ratchet'' mechanism will produce a kind of driving diffusion on acting domains of the motor proteins and make them move unidirectionally at large time and space scales. For the F 1 -ATPase molecular motor, it has been argued 28 that torque applied to the central shaft rotates its convex surface toward the site filled with ATP and pushes the lower level of the respective ␤ subunit outwards. This conformational change opens the ATP-binding site to expel the newly synthesized but firmly bound ATP into the bulk and is the major energy-requiring step of ATP synthesis. 17, 28 It was initially believed that a ''ratchet'' mechanism exists at the central ''shaft'' ͑␥␦͒ subunits when rotating against surrounding subdomain proteins. It has now been demonstrated experimentally 45 that the large conformational changes of subunits ␥, in particular , do provide a ''ratchet'' mechanism to regulate the unidirectional rotation of F 1 F o -ATPase.
In the F 1 -ATPase motor, Brownian fluctuations are so rapid that they can be considered to be approximately at equilibrium on the time scale of measurement. Nevertheless, it remains unknown what the effect of Brownian motion is on the catalysis reactions, or how the fluctuation of loading molecules is transduced interactively to the fluctuation of the acting subdomains. It is known that the F 1 -ATPase motor may have a force term generated by the ''ratchet'' Brownian fluctuation. 23 In this work, we introduce an effective drag constant, r , to account for the ''ratchet'' force harnessed by the motor itself from constant Brownian fluctuations. Our approach is to split the Brownian contribution into two parts: one is the effective drag force at ␥ subunits where the ''ratchet'' mechanism takes place, and the remaining contribution is a disturbing term at the load. In Eqs. ͑8͒ and ͑11͒, the parameter r accounts for the former component and B refers to the Brownian term from the loading actin filament and external perturbation. This treatment is justified as we attribute the internal Brownian fluctuation into the fitting parameter of r without knowing the exact potential landscape ͓i.e., U()] in F 1 -ATPase. This process thus averages the stochastic nature of internal fluctuations and accumulates the overall force from Brownian motions at the motor proteins.
Our model shows that the value of r is fit at about 1.07 pN nm s. This value is close to the drag coefficient of driving a 1-m actin filament at one end. It is of interest to note that Wang and Oster's simulations 23 with the stochastic Smoluchowski equations were applied with a diffusion constant, D, of 4.0 rad 2 s Ϫ1 , which also corresponds to the diffusion constant of a 1-m actin filament rotating around one end. For B in Eq. ͑11͒, we assume that the Brownian average from a loading actin filament ͑as a part of the motor system͒ is zero, and the external perturbation can be calculated via ͱ ͗ B 2 ͘ ϭͱ2k B T/3⌬t. 33 ⌬t is the perturbing time of the external disruptions. For stand-alone F 1 -ATP synthase, the enzyme carries out rapid and uniaxial Brownian rotation with a rotational relaxation time about tens of milliseconds ͑ms͒. 12, 13 When F 1 -ATPase drives an actin filament, ⌬t is mainly induced from passive imaging snapping and is in the range from ϳ1 ms to ϳ1 s. 14,18 -21 We used a value of 10 ms for our simulation, which is also a typical period of rotation of a load-free F 1 -ATPase motor. 19 Figure 6 shows the rotation rate versus the length of actin filament without ͓Fig. 6͑a͔͒ or with ͓Fig. 6͑b͔͒ the Brownian contribution of external perturbations. The Brownian fluctuations do slightly affect the overall chemomechanic behavior, especially when the load is close to zero. The small bumps in Fig. 6͑b͒ imply that external perturbations may speed up the rotation of the system.
IV. CONCLUSIONS
We have successfully built a model describing the chemomechanics in the F 1 -ATPase molecular motor. Based on enzyme kinetics and rotary Langevin dynamics, a link is established between molecular-scale chemical hydrolysis reactions and microscale mechanical motion of the F 1 -ATPase motor. In a computational approach of such a link, we regulate the energy transduction and stepwise rotation by a series of near-equilibrium reactions when nucleotides bind or unbind. For the case of the F 1 -ATPase motor driving an actin filament, our theoretical load-rotation profile reproduces the experimental results with reasonable accuracy. The kinetics and chemomechanics described here will hopefully lead to more fundamental understanding of ATP-fueled motor proteins.
